C hordomas arise in notochordal remnants in the midline from the skull base to sacrum. They are rare, with approximately 0.1 case/100,000 per year, accounting for approximately 4% of primary malignant bone tumors. Tumors are most commonly sacrococcygeal, followed by skull base and mobile spine locations. 20 Surgery has been the standard local treatment, but marginnegative resection is not always feasible. Local recurrence rates are as high as 50%-100% with subtotal resection (STR) versus 0%-53% with en bloc, margin-negative resection. 2, 3, 5, [11] [12] [13] 16, 18, 19, 22, 23 Strategies combining high-dose adjuvant RT and maximal resection have resulted in high local control (LC) rates.
sary, because a negative margin resection is often impossible due to adjacent critical structures. Medical (drug) treatments for chordomas have limited efficacy. 21 Reports of durable tumor control without surgery using high-dose radiation with protons 7 or carbon ions are encouraging. 14 Because various surgical approaches have been used, ranging from intralesional to en bloc, the authors analyzed their influence on LC, particularly in the setting of highdose adjuvant RT. Massachusetts General Hospital staff prefer to administer some preoperative RT to reduce iatrogenic tumor seeding associated with surgical violation of the tumor. As a referral center for proton radiation, the staff also treat patients referred after surgery at other institutions with only postoperative RT, allowing an assessment of RT timing on outcome.
methods
After receiving Partners Healthcare institutional review board approval, the authors conducted a retrospective review of patients with thoracic, lumbar, and sacrococcygeal chordomas treated with high-dose proton-based RT with or without surgery. By using departmental databases, 158 patients were identified who were treated between 1982 and 2011, of whom 126 (127 lesions) were included in this study. Thirty-two patients were excluded for the following reasons: 21 patients with primary disease treated nonsurgically with definitive proton-based radiotherapy (subjects of a separate study 7 ), 7 patients treated with photon radiation, 3 patients presenting with metastases, and 1 patient treated at another proton facility.
Hospital records were reviewed to assess patient, treatment, and toxicity characteristics; local control (LC), regional control (RC), locoregional control (LRC), and distant control (DC) of the tumor; and overall survival (OS). LC was considered the absence of tumor at the primary site, RC was the absence of tumor in the adjacent regional tissues (i.e., adjacent vertebra or draining lymph nodes), LRC was the absence of any local or regional tumor, and DC was the absence of any distant metastatic disease. Patients followed at the study center were evaluated every 6 months after treatment for 4 years and then yearly thereafter with cross-sectional imaging of the primary site, and chest imaging (chest radiography alternating with CT) for the first 4 years, then yearly chest radiography thereafter. These follow-up recommendations were communicated to referring physicians evaluating patients who were not able to return to the study center for follow-up. For patients who could not return for or were lost to follow-up, reliance was placed on correspondence from physicians, imaging reports, patient telephone interviews, or all of these. During the interviews, patients were asked if their tumor had recurred locally or distantly, as well as whether they had ongoing pain, required medication for pain, and whether they had neurological deficits that had progressed since the time of the last follow-up evaluation. Patients were also asked to forward relevant medical records to the study center office. Patients were categorized by disease status at referral (primary vs recurrent after surgery), surgery (en bloc vs intralesional), gross-total resection (GTR) versus STR, margin status (R0, R1, R2), and RT (pre-and postoperative vs exclusively postoperative RT), or RT without additional surgery for recurrent chordomas. We excluded patients who had undergone prior radiotherapy. Table 1 lists patient and tumor characteristics.
Surgery Definitions
En bloc resection was defined as tumor removal in a single specimen without tumor violation; intralesional resection included piecemeal resection or unplanned tumor violation. R0 margins were defined as the absence of tumor on the pathologically assessed surgical margins of an en bloc resection specimen. R1 margins had microscopic tumor at the surgical margins of a grossly complete en bloc resection or a visibly complete intralesional resection without any evident residual tumor on postoperative imaging. R2 resections were incomplete tumor resections. Because this series spans many years and surgery was performed at various centers, the surgical procedures and margins reflect the anatomical level of disease; the choice of the surgeon, patient, or both; as well as the philosophy of the treating center. Patients presenting with recurrent disease and receiving definitive RT without additional surgery had either declined surgery or were not amenable to resection with acceptable morbidity.
radiation therapy approaches
RT was delivered in most patients with a combination Patients receiving preoperative RT were also planned to receive additional postoperative boost RT to bring the tumor bed dose to approximately 70 GyRBE, the high dose required for chordomas. The entire RT dose was not delivered preoperatively, because of the prohibitive risk of wound healing problems with such high radiation doses. The preoperative RT clinical target volume (CTV1) typically encompassed gross disease, the involved vertebral levels (and any disease within the spinal canal), and 1 level above and below, with a radial margin on any extraosseous extension of 1-1.5 cm or up to a constraining fascial or anatomical barrier. In the sacrococcygeal region, the CTV1 could also extend laterally to include possible routes of subclinical extension, such as piriformis and sacrococcygeus musculature and sacro-spinous ligaments.
After preoperative RT, patients underwent maximal resection. As previously reported, for tumors of the thoracolumbar region abutting the dura, electron-based intraoperative RT or dural plaque brachytherapy was used to boost involved dura. 8 
postoperative rt therapy
After wound healing, patients underwent postoperative boost radiation planning CT, with lumbar myelographic contrast instillation for tumors above L-3 (i.e., in proximity to the spinal cord). Postoperative boost RT was delivered using the shrinking field technique to maximize the final radiation dose to the areas of highest residual tumor burden. The initial CTV1 received approximately 50.4 GyRBE, either completely as preoperative radiation or as combined preoperative and initial postoperative phase treatment in patients who had only received 19.8 GyRBE preoperatively. In patients receiving preoperative RT, no attempt was made to include all surgically manipulated tissues and drain sites in their postoperative treatment volumes. After the CTV1 had received approximately 50.4 Gy, the radiation target volume was reduced to encompass the tumor bed and a 5-mm CTV margin, treating this boost volume to approximately 70.2 GyRBE. A third postoperative phase was then used in cases of STR to treat gross residual disease to a total dose of approximately 77.4 GyRBE.
In patients treated with only postoperative RT, the initial CTV1 treated to approximately 50.4 GyRBE included the tissues described above in the preoperative CTV1, but also included surgically manipulated tissues, including scars, drain sites, and stabilization hardware that could be encompassed in a treatable radiation volume. Phase 2 of postoperative RT included the tumor bed plus a margin of 5 mm to a dose of approximately 70.2 Gy. When applicable, such as in cases of STR, a third phase was used to treat any gross residual disease to a total dose of approximately 77.4 GyRBE.
LC following GTR was defined as the absence of disease on follow-up imaging. After STR or biopsy only, the regression or stabilization of residual disease on followup imaging was considered LC. RC was defined as the absence of nodal metastases or surgical tract recurrence. Toxicity was recorded and graded according to National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE) version 4.0 with attention to neuropathy/myelopathy, bone necrosis or insufficiency fractures, wound complications, and fibrosis.
Statistical methods
Follow-up and other events were measured from the end of the last treatment (surgery or RT). OS included death from any cause. Event-free survival (EFS) measured any event, including local failure, regional failure, distant failure, or death. For LC, RC, and DC, only failures of the respective type were counted as events. Univariate Cox regression models were performed for OS, LC, RC, LRC, and DC. Clinical outcomes were evaluated using the Kaplan-Meier method, and all subgroups were compared by stratified log-rank test. All p values were 2-tailed; p < 0.05 was considered statistically significant. Statistical analysis was performed using SAS Software (version 9.2; SAS Institute). A multivariate analysis was performed to determine which factors serve as confounders and whether some of these associations might become insignificant when all of these variables were considered together.
results treatment characteristics
Patient treatment is outlined in Table 2 . Although approximately half of the definitive resections were en bloc, 79 lesions (62.20%) had undergone an intralesional procedure at some point in treatment; 45 tumors (35.43%) had undergone no intralesional procedures.
Intraoperative 90 Y/ 32 P dural plaque brachytherapy was used in 7 patients (median dose 10 Gy, range 7.5-11 Gy). Electron intraoperative RT was delivered in 4 patients (median dose 10 Gy, range 3.6-12 Gy) while 4 patients received 192 I low-dose-rate interstitial brachytherapy (median 42 Gy, range 27-50 Gy).
treatment Outcomes: entire cohort and by histological characteristics Median follow-up duration after RT was 47 months, with median time since last follow-up of 5.7 months. Of the 98 patients alive as of last contact, 83 (85%) had ≥ 1 year of follow-up, 64 (65%) had ≥ 2 years, and 56 (57%) had ≥ 3 years of follow-up. The latest follow-up date was truncated at February 28, 2011. Of the 98 patients alive, 35 were last known to be alive prior to January 1, 2010, and 29 of those 35 were last seen prior to January 1, 2009. Treatment outcomes are shown in Fig. 1 and Table 3 ; 5-year OS was 81% (95% CI 69%-88%), LC 62% (95% CI 50%-72%), RC 92% (95% CI 83%-96%), LRC 60% (95% CI 48%-70%), and DC 77% (95% CI 66%-84%). Table 3 , no significant differences occurred in OS, LC, LRC, RC, or DC (data not shown) among chordoma histological subtypes, whether chondroid and nonchondroid. Of note, there was no significant difference according to anatomical location, spinal canal extension, number of vertebral levels involved, total radiation dose (although the range of total doses was quite narrow), or maximum tumor size (data not shown).
Outcomes: primary Versus recurrent presentation
For patients with primary disease, 5-year OS was 82% (95% CI 68%-91%) versus 78% (95% CI 54%-90%) for recurrent disease (p = 0.342). There was a strong trend for improved LC and LRC with primary disease (Table  3) . Similarly, the DC rate with primary disease was 80% (95% CI 68%-88%) versus 67% (95% CI 44%-83%) for recurrent disease (p = 0.106). There was no significant difference in RC between primary and recurrent presentation (p = 0.691). Figure 2 illustrates LC for primary and recurrent disease.
Outcomes: Surgery type, extent, and margin Status
In patients undergoing en bloc resection, 5-year OS and LC rates were 86% (95% CI 67%-95%) and 72% (95% CI 52%-85%), respectively. Patients who underwent intralesional surgeries had 5-year OS and LC rates of 78% (95% CI 62%-88%) and 55% (95% CI 39%-68%), respectively. There was a trend toward improved OS and a statistically significant improvement in LC (Fig. 3) and LRC with en bloc versus an intralesional procedure, with p values of 0.081, 0.016, and 0.035, respectively. No significant difference occurred in RC, LRC, or DC between the 2 groups. Patients who had no intralesional surgical procedure trended toward higher 5-year OS, LC, and LRC rates (Table 3) than those who had any intralesional procedure. Moreover, when the effect of the number of prior surgical interventions before definitive surgical management on outcomes was examined, LC, RC, and LRC were found to be significantly worse with an increasing number of prior surgical interventions, with hazard ratios (HRs) of 1.44 (95% CI 1.03%-2.02%; p = 0.034), 1.99 (95% CI 1.01%-3.90%; p = 0.046), and 1.54 (95% CI 1.11%-2.12%; p = 0.009), respectively.
In patients who underwent GTR, the 5-year OS rate was 86% (95% CI 72%-93%) versus 68% (95% CI 43%-84%) for STR (p = 0.190). LC rates were 64% (95% CI 50%-75%) for GTR versus 55% (95% CI 32%-73%) for STR (p = 0.289), respectively. There were no significant differences between GTR versus STR for the RC, LRC, and DC end points.
For patients with R0, R1, and R2 margin status, 5-year OS rates were 76% (95% CI 40%-92%), 91% (95% CI 77%-97%), and 66% (95% CI 40%-83%). The 5-year LC rates were 72% (95% CI 40%-89%), 64% (95% CI 47%- 77%), and 53% (95% CI 30%-71%) for R0, R1, and R2 margin status, respectively. When comparing R0/R1 versus R2 margin status, a significant improvement occurred in OS (5-year OS 88% vs 66%, p = 0.017) and a strong trend toward improved LC (5-year LC 66% vs 53%, p = 0.074). There were no significant differences in RC, LRC, or DC by margin status (Table 3) .
Outcomes: preoperative/postoperative rt, Only Postoperative RT, and Definitive RT (Recurrent Disease)
For primary tumor patients who underwent only postoperative RT, the 5-year OS, LC, RC, LRC, and DC rates were 80% (95% CI 57%-91%), 56% (95% CI 37%-71%), 97% (95% CI 78%-100%), 55% (95% CI 36%-71%), and 82% (95% CI 65%-91%), respectively. Patients with primary tumors who underwent combined pre-and postoperative RT had 5-year OS, LC, RC, LRC, and DC rates of 85% (95% CI 63%-95%), 85% (95% CI 59%-95%), 88% (95% CI 64%-96%), 79% (95% CI 55%-91%), and 78% (95% CI 56%-90%), respectively. For patients with recurrent tumors who underwent only postoperative RT, the 5-year OS, LC, RC, LRC, and DC rates were 83% (95% CI 27%-97%), 44% (95% CI 7%-78%), 100% (95% CI 100%-100%), 44% (95% CI 7%-78%), and 57% (95% CI 8%-89%), respectively. Patients with recurrent tumors who underwent combined pre-and postoperative RT had 5-year OS, LC, RC, LRC, and DC rates of 71% (95% CI 33%-90%), 47% (95% CI 17%-73%), 77% (95% CI 31%-94%), 47% (95% CI 17%-73%), and 92% (95% CI 57%-99%), respectively. For patients with recurrent tumors who received definitive RT, the 5-year OS, LC, RC, LRC, and DC rates were 83% (95% CI 27%-97%), 56% (95% CI 20%-80%), 100% (95% CI 100%-100%), 56% (95% CI 20%-80%), and 40% (95% CI 10%-70%), respectively. When comparing outcomes examined in this study between the 5 RT treatment categories listed above, patients with primary disease who underwent surgery with pre-and postoperative RT showed a trend toward the highest LC (p = 0.074). When further examining the cohort of patients presenting with primary disease, 5-year LC and LRC rates were significantly improved when patients received a component of preoperative RT versus postoperative RT alone (Fig. 4) . The 5-year LC and LRC rates for primary patients who received preoperative RT were 85% (95% CI 59%-95%) and 79% (95% CI 55%-91%), respectively, versus 56% (95% CI 37%-71%) and 56% (95% CI 37%-71%) for patients who received postoperative RT alone (p = 0.019 and 0.034, respectively). Notably, none of the 28 patients who were treated for primary tumors with preoperative radiation and who underwent an en bloc resection suffered a local recurrence.
multivariate analysis
When multivariate analysis (Table 5 ) was performed, there was a trend toward improved LC with preoperative RT (p = 0.11) and radical en bloc resection (p = 0.07), with a trend toward improved EFS with primary tumors (p = 0.11). On stepwise selection modeling, radical en bloc resection was significantly associated with improved LC (p = 0.04) and LRC (p = 0.04).
Outcomes: Neurological Status
Compared with neurological status at presentation, at last follow-up improvement was noted in 7 patients (5.6%), stability in 61 (48.4%), deterioration in 54 (42.9%), and unknown status in 4 (3.2%). Deterioration in neurological status was attributed to surgery in 23 patients (18.25%), to radiotherapy in 9 (7.14%), and to progressive local disease in 22 (17.46%). No radiation-associated myelitis was observed.
Outcomes: Treatment-Related Complications (≥ Grade 3)
Patient records were reviewed to document treatmentrelated complications ≥ Grade 3 (NCI CTCAE, version 4.0), tabulated in Table 6 . Because of the challenges of retrospective assessment of toxicity, particularly in a referral population, we would also direct readers to our prior publication of a prospective Phase 2 study of high-dose proton-based radiation in patients with spinal sarcomas in which the actuarial rate of radiation-associated Grade 3-4 toxicity at 8 years was 13%.
discussion
This analysis, albeit with the recognized shortcomings of retrospective studies, represents one of the larger reports of outcomes for mobile spinal and sacral chordomas. Because of the rarity of this disease and the desire to include as many patients as possible to have the largest possible data set for analysis, it is important to recognize that patients were treated over a 29-year period, during which imaging, surgical, and radiation techniques evolved and improved. For example, the original proton facility in which these patients were treated was in a physics laboratory with a horizontal, nonrotational beam of limited energy that could not treat patients above L-3, whereas starting in 2001, patients could be treated at a newer hospital-based facility with a rotational gantry with sufficient energy and field matching (patching) capability to treat any site in the spinal axis. In spite of high-dose photon/proton radiation and surgery (for 119 of the 126 patients), LC for the entire cohort was still only 62% (95% CI 50%-72%) at 5 years and 49% (95% CI 33%-64%) at 10 years; results in particular subsets, as noted below, however, were much better. Distant metastases, although less common, occurred in 23% of patients by 5 years.
Several important observations emerged from our analysis. There was a strong trend toward improved local tumor control in patients with primary tumors, i.e., 68% at 5 years compared with only 49% in patients presenting with locally recurrent tumor (p = 0.058). This emphasizes the critical importance of concerted efforts to secure LC at initial presentation. Notably, en bloc resections were significantly more effective than intralesional resections with 5-year LC values of 72% and 55%, respectively (p = 0.016), consistent with the findings of a large systematic review. 6 An increasing number of surgical procedures prior to definitive surgery was associated with worse LC with an HR of 1.44 (p = 0.034), suggesting that intralesional surgical biopsy procedures, which can seed surgical tracts, be avoided 1 in favor of CT-directed core biopsies. 15 In patients presenting with primary tumors, the inclusion of preoperative radiation in the management of these patients was associated with improved LC, with 5-and 10-year LC rates of 85% and 71% with preoperative radiation, respectively, compared with 56% and 37% for exclusively postoperative radiation (p = 0.019). Preoperative radiation doses of 50.4 GyRBE were generally used for mobile spinal tumors with few wound-healing complications. Because of the higher rate of wound-healing problems with sacral resections even in the absence of radiotherapy, 13 the study authors have generally used only 19.8 GyRBE preoperative radiation for sacrococcygeal tumors, 9 although they are currently evaluating 50.4 GyRBE preoperative radiation in conjunction with complex soft tissue or flap reconstructions for sacrococcygeal chordomas. 4 The authors did not include patients in this study with primary tumors who were undergoing nonsurgical management, because these patients were the focus of a prior study. 7 Interestingly, LC at 5 years (with a median followup of 56 months) was 80% in the authors' previously published experience of 24 patients with primary chordomas managed by biopsy and high-dose proton-based radiation. 7 This outcome was not markedly dissimilar to the excellent results in the current study noted with preoperative radiation, surgery, and postoperative RT boost, where LC at 5 years was 85% and was superior to that observed in patients undergoing surgery and postoperative radiation, in whom LC at 5 years was only 56%. These are different retrospective data sets, and the comparison is offered to help clinicians and patients discuss and optimize treatment strategies and options for this challenging disease. Because preoperative radiation for primary tumor patients in conjunction with en bloc resection resulted in no local recurrences in the 28 patients so treated, that treatment appears to offer the highest rate of local tumor control, and it has been the authors' treatment recommendation for patients with lesions below S-3 where resection will not compromise anal or bladder sphincter control. For patients with upper sacral tumors with intact nerve function, the authors have discussed definitive radiation as an option, as well as offering this for patients who decline surgery. The authors' sense is that a nonsurgical approach would likely also be preferred for patients for whom R2 resections are considered or patients scheduled to undergo intralesional resections and postoperative radiation only. Definitive radiation without surgery, however, requires a higher radiation dose of approximately 77.4 GyRBE and carries a higher risk of nerve injury (estimated at 5% to 10%), insufficiency fracture (33%), and other potential treatment complications than the adjuvant dose of approximately 70.2 GyRBE used in conjunction with surgery. Hence, these treatment decisions often require making trade-offs between acute surgical morbidity and potential late radiation morbidity, as well as differential quality of life impacts. The authors have initiated a prospective quality of life study in this patient population to better inform these decisions (J. Schwab, personal communication).
While the treatments used in this study were successful in a significant proportion of patients, the median followup was 47 months, and it is important to acknowledge that although the rate of relapse decreases after 5 years, some patients will relapse after that time. These treatments can also be associated with both acute and late morbidity, as noted in the patients in this series who developed treatment-related complications, underscoring the need for ongoing improvements in surgery, radiation, and systemic therapies for this disease.
conclusions
High-dose proton-based RT in the management of spine chordomas can be effective treatment. In patients undergoing surgery, patients with primary chordoma who undergo preoperative RT, en bloc resection, and postoperative RT boost have the highest rate of local tumor control. Intralesional and incomplete resections are associated with higher local failure rates and are to be avoided. 
